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Description 

METHOD OF MONITORING 
INTRODUCTION OF INTERFACIAL 

SPECIES 

Background of Invention 

[0001] The present invention relates to the field of semiconduc- 
tor processing; more specifically, it relates to a method 
and a system for monitoring an interfacial ion concentra- 
tion using a corona discharge density of interface traps 
measurement. 

[0002] introduction of interfacial species (atoms, molecules or 

ions introduced into thin dielectrics near the dielectric/sili- 
con interface) has become a standard technique used in 
semiconductor manufacturing. Generally, these tech- 
niques are performed very early in the fabrication se- 
quence and involve very low concentrations of introduced 
interface species. Often the tool introducing the interface 
species cannot be relied upon to give an accurate indica- 
tion of the amount of species introduced. Therefore an 



accurate, real time process control is needed in order to 

take timely corrective action to maximize the amount of 

product that is processed within specification. 
Summary of Invention 

[0003] a first aspect of the present invention is a method for 

monitoring a nitridation process, comprising: (a) providing 
a semiconductor substrate; (b) forming a dielectric layer 
on a top surface of the substrate; (c) introducing a quan- 
tity of interfacial species into the substrate; (d) measuring 
the density of interface traps between the substrate and 
the dielectric layer; (e) providing a predetermined rela- 
tionship between the quantity of the interfacial species 
and the density of the interface traps; and (f) determining 
the quantity of the interfacial species introduced based on 
the relationship. 

[0004] a second aspect of the present invention is a method for 
monitoring a nitridation process, comprising: (a) providing 
a semiconductor substrate; (b) forming a first dielectric 
layer on a top surface of the substrate; (c) introducing a 
quantity of interfacial species into the substrate; (d) re- 
moving the first dielectric layer; (e) forming a second di- 
electric layer on the top surface of the substrate; (f) mea- 
suring the density of interface traps between the substrate 



and the second dielectric layer; (g) providing a predeter- 
mined relationship between the quantity of the interfacial 
species and the density of the interface traps; and (h) de- 
termining the quantity of the interfacial species intro- 
duced based on the relationship. 
[0005] a third aspect of the present invention is a system for 
monitoring a process for the introduction of interfacial 
species between a dielectric layer and a semiconductor 
substrate comprising: a first station for forming the di- 
electric layer on a top surface of the substrate; a second 
station for introducing a quantity of interfacial species 
into the substrate; a third station for measuring the den- 
sity of interface traps in the substrate by corona discharge 
and for determining the quantity of the interfacial species 
introduced based on a predetermined relationship be- 
tween the quantity of the interfacial species and the den- 
sity of interface traps; and means for transferring the 

substrate between the stations. 
Brief Description of Drawings 

[0006] The features of the invention are set forth in the ap- 
pended claims. The invention itself, however, will be best 
understood by reference to the following detailed descrip- 
tion of an illustrative embodiment when read in conjunc- 



tion with the accompanying drawings, wherein: 

[0007] piGs. 1A through IF are partial cross-sectional views of a 
wafer process for introducing and measuring interfacial 
species concentrations according to the present invention; 

[0008] FIG. 2 is a flowchart of a method for introducing and 

monitoring interfacial species in a substrate according to 
the present invention; 

[0009] FIG. 3 is a chart illustrating the relationship between the 
density of interface traps and N 2 + ion implantation does 
according to one application of the present invention; 

[0010] FIG. 4 is a simplified schematic diagram of a corona dis- 
charge density of interface traps measurement apparatus; 
and 

[001 1] FIG. 5 is a schematic diagram of a system for practicing 

the present invention. 
Detailed Description 

[0012] FIGs. 1A through IF are partial cross-sectional views of a 
wafer process for introducing and measuring interfacial 
species concentrations according to the present invention. 
The wafer process described in FIGs. 1A through IF is for 
monitoring nitrogen introduced at a gate dielectric/silicon 
interface during the fabrication of a complimentary metal- 
oxide-silicon (CMOS) field effect transistor (FET). It is 



meant to be exemplary of the present invention and the 
present invention is not limited to the particular use of 
monitoring nitrogen at a gate dielectric/silicon interface 
but may be used to monitor nitrogen at any dielectric/sili- 
con interface. Nitrogen incorporation into the gate dielec- 
tric/silicon interface of FETs has the very useful effect of 
decreasing the equivalent oxide thickness (EOT) of the 
gate dielectric increasing FET performance. 

[0013] | n FIG. 1A, a semiconductor substrate 100 is provided. 

Substrate 100 may be a bulk silicon substrate, a bulk sili- 
con substrate having a silicon epitaxial layer thereon or a 
silicon-on-insulator (SOI) substrate. In one example, sub- 
strate 100 is a lightly P-doped silicon wafer or epitaxial 
layer. Substrate 100 is cleaned using any number of well- 
known silicon surface cleaning techniques known in the 
art. For example, substrate 100 may be cleaned using a 
Huang A/B wet cleaning process. 

[OO 14 ] In FIG. IB a first dielectric layer 105 having a thickness Tl 
is formed on a top surface 110 of substrate 100. In the 
present example, dielectric layer 105 is silcon oxide (SiO 
) formed by a rapid thermal oxidation (RTO) process and 
Tl is about 50 to 100. The purpose of dielectric layer 105 
is to provide an amorphous screen dielectric (in the 



present example Si0 2 ) to prevent channeling of the im- 
planted species through the crystal planes of substrate 
100 during introduction of interfacial species as describe 
infra. In the present example, first dielectric layer 105 
may be considered a sacrificial layer. 
[0015] | n FIG. 1C, an interfacial species 115 is introduced into 

substrate 100. In the present example, interfacial species 
115 is nitrogen introduced by ion implantation of N 2 + . In 
other examples, interfacial species 115 (as nitrogen) is in- 
troduced by a rapid thermal ammonia (RTNH^ process 
(rapid heating in an ammonia containing atmosphere), by 
a rapid thermal nitric oxide (RTNO) or rapid thermal ni- 
trous oxide (RTN20) process (rapid heating in nitric oxide 
or nitrous oxide containing atmosphere) or by a nitrogen 
(N*) plasma process. When RTNH 3 , RTNO, RTN0 2 or N* 
plasma processes are used, first dielectric layer 110 may 
be the gate dielectric layer and the steps illustrated in 
FIGs. ID and IE and described infra may be skipped if so 
desired. 

[00 1 6] in FIG. ID, first dielectric layer 105 (see FIG. 1C) is re- 
moved. In the present example of first dielectric layer 105 
being Si0 2 , the first dielectric layer may be removed using 
a wet etch containing HF. 



[0017] | n FIG. IE, a second dielectric layer 120 having a thickness 
T2 is formed a new top surface 110A (which also defines a 
Si0 2 /Si interface) of substrate 100. Top surface 110A is 



"new" because some silicon is consumed by the oxidation 
process. In the present example, second dielectric layer 
120 is Si0 2 formed by a dry oxidation in a furnace or 
rapid thermal processing (RTP) chamber. In one example, 
T2 is about 12 to 60 A. In the present example, second 
dielectric layer 120 may be considered a gate dielectric 
layer. During formation of second dielectric layer 120, the 
interfacial species 115 migrates to the Si0 2 /Si interface 
110A and forms SiO N . It is believed that nitrogen migra- 

X y 

tion to the Si0 2 /Si interface reduces the free energy of the 
system by easing interfacial stress. In other examples, 
second dielectric layer 120 may be a high dielectric con- 
stant material such as Al O or HfO . 

2 3 2 

[0018] | n FIG. IF, substrate 100 is subjected to a corona dis- 
charge in the presence of H 2 0 and/or C0 2 causing ions 
derived from H 2 0 and/or C0 2 to be deposited on a top 
surface 125 of the substrate (as indicated by the + sym- 
bols) mirroring interface charge. The amount of charge 
mirrored is a function of the density of interface traps 
(DIT) at the Si0 2 /Si interface. Since the DIT is affected by 



the presence of nitrogen, the DIT measurement serves as 
a method for monitoring the amount of nitrogen (or other 
species) introduced in FIG. 1C. For an introduction of ni- 
trogen by ion implantation, the dose N 2 + ions/cm2 can 
be related to the DIT measured as illustrated in FIG. 3 and 
described infra. 

[0019] Substrate 100 may be a monitor substrate or a product 
substrate, in which case the DIT is performed on a test 
site or a kerf test structure. 

[0020] FIG. 2 is a flowchart of a method for introducing and 

monitoring interfacial species in a substrate according to 
the present invention. In step 130, a substrate is cleaned 
and in step 135, a first dielectric layer (which may be ei- 
ther a sacrificial layer or a gate dielectric layer) is formed 
on the substrate. In step 140, a nitrogen containing 
species is introduced into the substrate as described 
supra in reference to FIG. 1C. If the nitrogen species is in- 
troduced by RTNH 3 , RTNO, RTNC> 2 or N* plasma, then the 
method may optionally skip to step 155 (thermal pro- 
cesses such as RTNH 3 , RTNO, RTN0 2 or N* plasma pro- 
cess generally place nitrogen near the dielectric/Si inter- 
face, however for dielectric films greater than 20A thick, 
N* processes place significant nitrogen at the top surface 



of the dielectric layer, although enough nitrogen reaches 
the dielectric/Si interface to yield a DIT response) and if 
the nitrogen species is introduced by ion implantation the 
method proceeds to step 145, since ion implantation 
damages the first dielectric layer, making the first dielec- 
tric layer unsuitable for use as a gate dielectric. In step 
145, the first dielectric layer is removed and in step 150 a 
second dielectric (which may be a gate dielectric layer) is 
formed. Next in step 155, an optional anneal process may 
be performed, for example by heating in forming gas (a 
nitrogen/hydrogen mixture). In step 160 a corona dis- 
charge DIT measurement is performed and in step 165, 
the N 2 + dose is determined from a graph of DIT versus 
dose, from a lookup table of DIT values versus N 2 + im- 
plant dose, or by direct calculation using an equation of a 
DIT versus N 2 + dose as derived from curve fitting DIT 
measurements to faraday cup dose measurements. A 
faraday cup measurement is provided by the ion implant 
tool itself. The relationship between DIT measurement and 
dose must be predetermined as illustrated in FIG. 3 and is 
described infra. In the case of RTNH , RTNO, RTNO and 

3 2 

N* plasma, the relationship between DIT measurement 
and time, temperature or flow may be predetermined. 



[0021] FIG. 3 is a chart illustrating the relationship between the 
density of interface traps and N 2 + ion implantation dose 
according to one application of the present invention. FIG. 
3 plots experimentally determined data points. N 2 + was 
implanted through 75 A of sacrificial oxide at about 14 
Kev into a P silicon substrate at doses ranging from 0 to 4 
x 10 14 ion/cm 2 . The sacrificial oxide was removed and 38 
A of gate oxide was grown. No anneal was performed. The 
implant dose (based on Faraday cup measurements in the 
ion implant tool) is plotted versus the density of interface 
traps measured as in step 160 of FIG. 2. As can be seen, 

14 

the plot is linear in the range of just over 1 x 10 ions/ 

2 14 2 

cm to 4 x 10 ions/cm having an equation of DIT = 

-4 11 

4.67 x 10 x Dose + 1.01X10 with a root mean square 

2 

fit (R ) of 0.976. Thus from a given DIT measurement, the 
N 2 + ion implant dose can be determined. 
[0022] The slope of the DIT versus dose curve will change based 
on the sacrificial and gate oxide thicknesses and the y- 
intercept will change based on the amount of anneal per- 
formed. 

[0023] FIG. 4 is a simplified schematic diagram of a corona dis- 
charge density of interface traps measurement apparatus. 
In FIG. 4, a DIT measurement tool 170 includes a vacuum 



chuck 175 (for holding substrate 100) mounted on an X-Y 
stage 180. DIT measurement tool 170 further includes a 
corona discharge voltage controller 185 coupled between 
a corona discharge electrode assembly 190, held in prox- 
imity to top surface 110A of substrate 100, and vacuum 
chuck 175. DIT measurement tool 170 still further in- 
cludes a Kelvin probe control and measurement circuit 
190 coupled between a first vibrating Kelvin probe as- 
sembly 195 (which includes a light source 200), held in 
proximity to top surface 110A of substrate 100, and a 
second vibrating Kelvin probe assembly 205 located in 
vacuum chuck 175. Optional chamber 210 for containing 
water vapor and C0 2 gas may also be included in DIT 
measurement tool 170, however generally there is suffi- 
cient water vapor and C0 2 in room air so chamber 210 is 
not required. Sufficient water vapor and C02 is greater 
than about 0.03 mole percent C02 in the air and greater 
than about 50% percent humidity. For an SOI substrate, 
means of electrically connecting the frontside of the sub- 
strate to the backside of the substrate must be provided 
by DIT tool 170 or provided internal to the substrate. 
[0024] The operation of DIT measurement tool 170 has been 

briefly described supra. However, more detailed descrip- 



tions of corona discharge DIT measurement tools may be 
found in United States Patent 5,216,362 to Verkuil and 
United States Patent 6,037,797 to Lagowski et al. both of 
which are hereby incorporated by reference in their en- 
tirety. 

[0025] FIG. 5 is a schematic diagram of a system for practicing 
the present invention. In FIG. 215 a cluster tool 215 in- 
cludes a hub 220 attached to which are a wafer load/ 
unload station 225, a clean and wet etch tool 2305, a RTO 
tool 235 having a chamber for forming a first dielectric 
layer, an ion implantation tool 240, a gate dielectric tool 
245 having a chamber for forming a second dielectric 
layer and DIT measurement tool 170 are attached. A wafer 
handing mechanism 250 in hub 220 can move a wafer be- 
tween any of wafer load/unload station 225, clean and 
wet etch tool 230, RTO tool 235, ion implantation tool 
240, gate dielectric tool 245 and DIT measurement tool 
170. 

[0026] | n one example, clean and wet etch tool 230 may be a 

spin etch/clean tool. Clean and wet etch tool 230 may be 
two separate tools. In one example, gate dielectric tool 
245 may be an oxidation furnace. A RTNH 3 , RTNO, RTN0 2 
or N* plasma tool may be substituted for ion implant tool 



240. 

[0027] Thus, the present invention provides an accurate, real 
time process control that allows corrective action to be 
taken in order to maximize the amount of product that is 
processed within specification. 

[0028] The description of the embodiments of the present inven- 
tion is given above for the understanding of the present 
invention. It will be understood that the invention is not 
limited to the particular embodiments described herein, 
but is capable of various modifications, rearrangements 
and substitutions as will now become apparent to those 
skilled in the art without departing from the scope of the 
invention. For example, Note, the interfacial species need 
not be nitrogen but could be oxygen, germanium or car- 
bon introduced by, for example ion implantation of Ge + , 
0 2 + and C + respectively. A common property of these 
species is they are not electrically active like dopant 
species (i. e. boron, phosphorus and arsenic). The present 
invention is applicable to monitoring any non-electrically 
active dielectric/silicon interface. Therefore, it is intended 
that the following claims cover all such modifications and 
changes as fall within the true spirit and scope of the in- 
vention. 



